The energy-dependence of the neutron cross section provides vastly different contrast mechanisms than polychromatic neutron radiography if neutron energies can be selected for imaging applications. In recent years, energy-resolved neutron imaging (ERNI) with epi-thermal neutrons, utilizing neutron absorption resonances for contrast as well as for quantitative density measurements, was pioneered at the Flight Path 5 beam line at LANSCE and continues to be refined. Here we present event centroiding, i.e., the determination of the center-of-gravity of a detection event on an imaging detector to allow sub-pixel spatial resolution and apply it to the many frames collected for energy-resolved neutron imaging at a pulsed neutron source. While event centroiding was demonstrated at thermal neutron sources, it has not been applied to energy-resolved neutron imaging, where the energy resolution requires to be preserved, and we present a quantification of the possible resolution as a function of neutron energy. For the 55 µm pixel size of the detector used for this study, we found a resolution improvement from~80 µm to~22 µm using pixel centroiding while fully preserving the energy resolution.
Introduction
Material characterization by radiographic methods is driven by the contrast mechanism of the probing radiation with the sample. While X-rays interact with the electronic shell of the nuclei and thus provide contrast approximately proportional to the gravimetric density of a sample, neutrons interact with the nuclei and the imaging contrast has no correlation with the atomic number, but varies for thermal neutrons over orders of magnitude in cross section from isotope to isotope. This is applied routinely as an imaging modality at neutron facilities worldwide [1] [2] [3] [4] . For many isotopes, especially heavier nuclei above Zr, neutron absorption resonances are observed in the energy range up to a few hundred eV, providing further contrast mechanisms. At a short pulsed neutron source, where the time-of-flight (TOF) technique for energy selection can be utilized, this can be applied to selectively map in 2D the distribution of an isotope which dominates the contrast at a certain neutron energy [5] [6] [7] . By measuring full transmission spectra, i.e., with the ability to record thousands of TOF channels in each pixel as provided by modern neutron imaging detectors [8] [9] [10] installed at modern intense pulsed neutron sources [11] [12] [13] [14] [15] , data analysis codes such as Oak Ridge National Lab's SAMMY [16] can quantify the areal density of several isotopes measured simultaneously with the known cross sections. Based on pioneering neutron cross section measurements demonstrated at Los Alamos Neutron Center (LANSCE) [17] [18] [19] [20] , this technique has been developed over the past years at LANSCE with applications to nuclear fuels [6, 7, 21] and scintillators [22] [23] [24] . Using tomographic reconstruction methods, this technique allows non-destructive spatially resolved measurements of isotope densities.
In combination with the ability to characterize the same specimen with spatially resolved neutron diffraction on the High-Pressure-Preferred Orientation (HIPPO) [25] and Spectrometer for Materials Research at Temperature and Stress (SMARTS) [26] beamlines, fast neutron radiography at LANSCE's target 4 [27] , proton radiography [28] , and hard X-ray tomography, Los Alamos National Lab (LANL) has capabilities to provide a complete non-destructive bulk characterization on length scales ranging from atomic distances (diffraction) to the meso-scale (e.g., texture, stresses from diffraction) to dimensions, voids, and cracks as well as distributions of chemical elements and isotopes (from tomographic methods).
Spatial resolution in neutron radiography is a function of flux on sample (and thus count time), beam optics (divergence, pin hole size), and detector resolution. Many sample features, like cracks and voids, can exist with dimensions of the order of one to ten micrometers. For applications in nuclear fuels, e.g., characterization of fuel pellets within rodlets for irradiation testing, non-destructive measurements of the fuel to cladding distance is of great interest, with a typical distance being 71 ± 5 µm. Deviations from this distance can affect the temperature profile of the assembly and thus the outcome of an irradiation test or fuel burn-up in a power reactor. Accurate measurement of this distance therefore defines a resolution requirement for tomographic methods to be applied to nuclear fuels and a goal for the efforts at LANSCE supporting these programs. Approaches to improve the resolution while leaving all other parameters approximately constant are of great interest since exposure time at neutron sources is limited. Event centroiding, where the center of gravity of a detection event covering multiple pixels on an imaging detector is determined to sub-pixel resolution, is such a method. While pixel or event centroiding has been applied to neutron imaging at continuous wave neutron sources such as PSI [29] or NIST [30] , it has not been demonstrated for energy-resolved neutron imaging at a pulsed neutron source where thousands of radiographs are acquired for each neutron pulse. Current methods of neutron centroiding involve charge pulse mode with the detector, where each individual neutron supplies a charge distribution in the event and can distinguish between overlapping events. The problem with this technique is that energy resolved measurements are sacrificed [29] . The method described here preserves the ability to measure e.g., fuel-cladding distances using cold and thermal neutrons while simultaneously measure isotope distributions with higher neutron energies. Here, we describe our implementation of event centroiding in the MediPix-based pixilated neutron TOF imaging detector as well as a quantitative assessment of the achieved resolution improvement.
Materials and Methods
Imaging measurements described in this report were performed using Flight Path 5 (FP5) at the Lujan Neutron Scattering Center (for a description see M. Mocko et al. [31] ). The spallation neutron pulses are created by 270 ns long 800 MeV H+ pulses impinging on a tungsten target. The neutrons are then moderated using liquid water at room temperature and collimated using 2.5 to 5 cm thick steel and polyethylene disks with round holes of diameters increasing from 2 cm to 5 cm from 4.5 m to 6 m distance from the moderator. At 6 m from the moderator, additional 20 cm of steel and poly disks with round holes of 0.5 cm are used to further collimate the beam for high resolution measurements ( Figure 1 ). The resulting spectrum for neutrons at the Lujan center is shown in Figure 2 . It provides a thermal neutron flux of~2.4 × 10 7 n·cm −2 ·s −1 at~8.8 m from the moderator with a peak at 25 meV [32] .
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Imaging measurements described in this report were performed using Flight Path 5 (FP5) at the Lujan Neutron Scattering Center (for a description see M. Mocko et al. [31] ). The spallation neutron pulses are created by 270 ns long 800 MeV H+ pulses impinging on a tungsten target. The neutrons are then moderated using liquid water at room temperature and collimated using 2.5 to 5 cm thick steel and polyethylene disks with round holes of diameters increasing from 2 cm to 5 cm from 4.5 m to 6 m distance from the moderator. At 6 m from the moderator, additional 20 cm of steel and poly disks with round holes of 0.5 cm are used to further collimate the beam for high resolution measurements ( Figure 1 ). The resulting spectrum for neutrons at the Lujan center is shown in Figure 2 . It provides a thermal neutron flux of ~2.4 × 10 7 n·cm −2 ·s −1 at ~8.8 m from the moderator with a peak at 25 meV [32] . For the measurements reported here, the detector was positioned ~11.2 m from the water moderator. The test patterns to measure the resolution were produced by imaging a gadolinium (Gd) grating fabricated at the Paul Scherrer Institute, Villigen, Switzerland [33] . The resolution grating was placed as close as possible to the detector to minimize blur from beam divergence. A collimator (smallest diameter) to sample distance of about L = 5 m and smallest beam diameter of D = 0.5 cm resulted in a collimation ratio L/D of 1000. With a sample to detector distance d of ~1 cm, the geometric blur is given by d/(L/D) ≈ 10 μm (note that this blur is not the same as the spatial resolution). As an internal standard for the resonance measurements and position calibration of the detector, a 0.1 mm thick Ta sheet was placed in front of the sample (source side). To reduce background from gamma radiation emitted from the spallation target, ~12 mm lead was also placed into the beam at the exit of the incident collimator pipe.
The pixilated neutron TOF imaging detector used at LANL is custom-designed and manufactured and shown in Figure 3 . It consists of a Gd/B doped microchannel plate (MCP) and MediPix read-out chip [34, 35] . To account for differences in the individual pixel response of the detector, an open-beam measurement was recorded over the entire energy range (0.5 meV to 200 eV). Individual TOF images are divided by the normalized open-beam image. The pixel size of the detector is 55 μm with an active area of 512 × 512 pixels i.e., 28.16 × 28.16 mm 2 . The Medipix MCP detector at the LANSCE facility allows for single neutron event detection due to the high efficiency (50-70% for thermal neutrons) [10] and has a 100 kHz frame rate in single particle mode. The Medipix detector views a MCP doped with boron and gadolinium and coupled with another stack of MCPs to provide amplification. The size of the channels for the doped MCPs are 8 μm and the amplifiers have 10 μm channels. The detector sensor utilizes a complementary metal-oxide-semiconductor (CMOS) chip with four 256 × 256 arrays of pixels that are 55 μm 2 pixels. The detector is held under vacuum and provides energy resolution by the TOF method with the supply of a time zero event trigger pulse, generated by the proton pulse immediately before hitting the spallation target.
Centroiding has been used in astronomy applications since 1980 [36] to achieve sub-pixel high resolution and converting this technique to neutron imaging is relatively new [29] . In general, multiple pixels are activated when a neutron impinges on an imaging detector. The location of the neutron can be calculated by computing the center of mass or centroid of the activation distribution. In the case of the MediPix based pixilated neutron TOF detector used here, each 55 μm pixel is divided into 5 × 5 = 25 sub-pixels, resulting in an increase of the effective resolution to 55 μm/5 = 11 μm. One complexity with centroiding arises from the case when a double or triple interaction with multiple neutrons overlapping on one frame occurs. In that case, the center of mass For the measurements reported here, the detector was positioned~11.2 m from the water moderator. The test patterns to measure the resolution were produced by imaging a gadolinium (Gd) grating fabricated at the Paul Scherrer Institute, Villigen, Switzerland [33] . The resolution grating was placed as close as possible to the detector to minimize blur from beam divergence. A collimator (smallest diameter) to sample distance of about L = 5 m and smallest beam diameter of D = 0.5 cm resulted in a collimation ratio L/D of 1000. With a sample to detector distance d of~1 cm, the geometric blur is given by d/(L/D) ≈ 10 µm (note that this blur is not the same as the spatial resolution). As an internal standard for the resonance measurements and position calibration of the detector, a 0.1 mm thick Ta sheet was placed in front of the sample (source side). To reduce background from gamma radiation emitted from the spallation target,~12 mm lead was also placed into the beam at the exit of the incident collimator pipe.
The pixilated neutron TOF imaging detector used at LANL is custom-designed and manufactured and shown in Figure 3 . It consists of a Gd/B doped microchannel plate (MCP) and MediPix read-out chip [34, 35] . To account for differences in the individual pixel response of the detector, an open-beam measurement was recorded over the entire energy range (0.5 meV to 200 eV). Individual TOF images are divided by the normalized open-beam image. The pixel size of the detector is 55 µm with an active area of 512 × 512 pixels i.e., 28.16 × 28.16 mm 2 . The Medipix MCP detector at the LANSCE facility allows for single neutron event detection due to the high efficiency (50-70% for thermal neutrons) [10] and has a 100 kHz frame rate in single particle mode. The Medipix detector views a MCP doped with boron and gadolinium and coupled with another stack of MCPs to provide amplification. The size of the channels for the doped MCPs are 8 µm and the amplifiers have 10 µm channels. The detector sensor utilizes a complementary metal-oxide-semiconductor (CMOS) chip with four 256 × 256 arrays of pixels that are 55 µm 2 pixels. The detector is held under vacuum and provides energy resolution by the TOF method with the supply of a time zero event trigger pulse, generated by the proton pulse immediately before hitting the spallation target.
Centroiding has been used in astronomy applications since 1980 [36] to achieve sub-pixel high resolution and converting this technique to neutron imaging is relatively new [29] . In general, multiple pixels are activated when a neutron impinges on an imaging detector. The location of the neutron can be calculated by computing the center of mass or centroid of the activation distribution. In the case of the MediPix based pixilated neutron TOF detector used here, each 55 µm pixel is divided into 5 × 5 = 25 sub-pixels, resulting in an increase of the effective resolution to 55 µm/5 = 11 µm.
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The fast Fourier transform (Figure 5b,c) converts the image into the frequency domain from the spatial domain. For example, a radiograph of 200 μm line pairs (400 μm period) on a detector with a 50 μm pixel pitch would result in a peak intensity at 8 pixels/period. If the line pairs are resolved, this would indicate a spatial-resolution of at least 200 μm. Figure 5a , is indicative of a roughly 13 µm pattern that is consistently present throughout the entire radiograph whereas in Figure 5c , the Fourier transform of the same open beam image without centroiding, the pattern is not present. This visible pattern from centroiding is regarded as an artefact but it does not degrade the overall image. The most likely source of this artefact is produced when creating the 25 × 25 subpixels per pixel, this pattern typically happens when the centroiding program has a slight bias to the middle of the subpixels than the edges (can be seen in the zoomed region in Figure 5a) . Whereas, the point in the middle of Fourier transform is an undefined point in marking the zero point and any frequency pattern is projected radially from that point. This high resolution open beam image is used for normalizing and correcting radiographs described below. Figure 5a , is indicative of a roughly 13 μm pattern that is consistently present throughout the entire radiograph whereas in Figure 5c , the Fourier transform of the same open beam image without centroiding, the pattern is not present. This visible pattern from centroiding is regarded as an artefact but it does not degrade the overall image. The most likely source of this artefact is produced when creating the 25 × 25 subpixels per pixel, this pattern typically happens when the centroiding program has a slight bias to the middle of the subpixels than the edges (can be seen in the zoomed region in Figure 5a) . Whereas, the point in the middle of Fourier transform is an undefined point in marking the zero point and any frequency pattern is projected radially from that point. This high resolution open beam image is used for normalizing and correcting radiographs described below.
The fast Fourier transform (Figure 5b,c) converts the image into the frequency domain from the spatial domain. For example, a radiograph of 200 μm line pairs (400 μm period) on a detector with a 50 μm pixel pitch would result in a peak intensity at 8 pixels/period. If the line pairs are resolved, this would indicate a spatial-resolution of at least 200 μm. The fast Fourier transform (Figure 5b,c) converts the image into the frequency domain from the spatial domain. For example, a radiograph of 200 µm line pairs (400 µm period) on a detector with a 50 µm pixel pitch would result in a peak intensity at 8 pixels/period. If the line pairs are resolved, this would indicate a spatial-resolution of at least 200 µm.
Results
The Paul Scherrer Institut (PSI) resolution grating [33, 37] (Figure 6 ) is an ideal standard for evaluating the overall resolution of an instrument setup (see reference for comparable construction of similar grating produced by PSI). The frequency of line pairs which are resolved gives a direct correlation to the overall image resolution. The grating is comprised of gadolinium regions of lines with widths of 160 µm, 80 µm, 40 µm, 20 µm, 10 µm, and 5 µm. Here, the PSI grating was placed directly on the face of the detector enclosure (12 mm from detector face to active area) and the image was acquired at 30 seconds intervals with 1093 iterations (total of 9 h of exposures). A non-centroided image demonstrates the previous resolution limitation of the Medipix detector system. 
The Paul Scherrer Institut (PSI) resolution grating [33, 37] (Figure 6 ) is an ideal standard for evaluating the overall resolution of an instrument setup (see reference for comparable construction of similar grating produced by PSI). The frequency of line pairs which are resolved gives a direct correlation to the overall image resolution. The grating is comprised of gadolinium regions of lines with widths of 160 μm, 80 μm, 40 μm, 20 μm, 10 μm, and 5 μm. Here, the PSI grating was placed directly on the face of the detector enclosure (12 mm from detector face to active area) and the image was acquired at 30 seconds intervals with 1093 iterations (total of 9 h of exposures). A non-centroided image demonstrates the previous resolution limitation of the Medipix detector system. The non-centroided PSI grating (Figure 7a ) was compared to the energy resolved centroided image as shown in Figure 7 . The radiograph was adjusted with open beam and scaled to represent percentage of neutrons transmitted through the sample. A 9-hour exposure provides sufficient statistics to separate the 20 μm width line pairs with cold neutrons (Figure 7c ). The thermal neutron energy radiograph (Figure 7d ) can resolve the 20μm width line pairs whereas the contrast for epithermal neutrons suffers due to lower absorption cross section of Gd, i.e., the grating becomes transparent (Figure 7e ). The contrast is weaker for the centroided image of all energies (Figure 7b ) resembling a white neutron beam weighed by the moderator spectrum, illustrating the benefit of energy-resolved neutron imaging to pick the energy range with the best contrast for a given problem. Figure 8 illustrates multiple fast Fourier transform peaks on a single scatter plot. The peaks have been converted to correspond from pixel/cycle to resolution using the width pairs on the PSI grating. The centroided fast Fourier transform peaks are visible to the 20 μm limit regardless of energy dependence for the processing. The original unprocessed radiograph compared to the centroided counterpart cannot resolve lower than the 80 μm peak whereas the centroided image can resolve 20 μm. The non-centroided PSI grating (Figure 7a ) was compared to the energy resolved centroided image as shown in Figure 7 . The radiograph was adjusted with open beam and scaled to represent percentage of neutrons transmitted through the sample. A 9-h exposure provides sufficient statistics to separate the 20 µm width line pairs with cold neutrons (Figure 7c ). The thermal neutron energy radiograph (Figure 7d ) can resolve the 20 µm width line pairs whereas the contrast for epithermal neutrons suffers due to lower absorption cross section of Gd, i.e., the grating becomes transparent (Figure 7e ). The contrast is weaker for the centroided image of all energies (Figure 7b ) resembling a white neutron beam weighed by the moderator spectrum, illustrating the benefit of energy-resolved neutron imaging to pick the energy range with the best contrast for a given problem. Figure 8 illustrates multiple fast Fourier transform peaks on a single scatter plot. The peaks have been converted to correspond from pixel/cycle to resolution using the width pairs on the PSI grating. The centroided fast Fourier transform peaks are visible to the 20 µm limit regardless of energy dependence for the processing. The original unprocessed radiograph compared to the centroided counterpart cannot resolve lower than the 80 µm peak whereas the centroided image can resolve 20 µm. To investigate the resolution as a function of neutron energy, finer energy bins were processed, as shown in Figure 9 , ranging from 6 meV to 100 meV. For each energy bin, the contrast resolution was calculated. The contrast resolution (C) is defined as the signal ratio between the dark (Sd) and light (Sl) regions resulting from line width pairs on the grating [37] . Here, the 80 μm line width pairs were chosen, due to the non-centroided radiograph not resolving the 40 μm line width pairs.
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While contrast resolution is not strictly equivalent to spatial resolution, it is a good indicator of the ability to measure the differences in intensities that define features such as edges in a radiograph, thus quantifying the quality of the image. With increasing neutron energy, the cross section for the To investigate the resolution as a function of neutron energy, finer energy bins were processed, as shown in Figure 9 , ranging from 6 meV to 100 meV. For each energy bin, the contrast resolution was calculated. The contrast resolution (C) is defined as the signal ratio between the dark (Sd) and light (Sl) regions resulting from line width pairs on the grating [37] . Here, the 80 μm line width pairs were chosen, due to the non-centroided radiograph not resolving the 40 μm line width pairs.
While contrast resolution is not strictly equivalent to spatial resolution, it is a good indicator of the ability to measure the differences in intensities that define features such as edges in a radiograph, thus quantifying the quality of the image. With increasing neutron energy, the cross section for the To investigate the resolution as a function of neutron energy, finer energy bins were processed, as shown in Figure 9 , ranging from 6 meV to 100 meV. For each energy bin, the contrast resolution was calculated. The contrast resolution (C) is defined as the signal ratio between the dark (S d ) and light (S l ) regions resulting from line width pairs on the grating [38] . Here, the 80 µm line width pairs were chosen, due to the non-centroided radiograph not resolving the 40 µm line width pairs.
While contrast resolution is not strictly equivalent to spatial resolution, it is a good indicator of the ability to measure the differences in intensities that define features such as edges in a radiograph, thus quantifying the quality of the image. With increasing neutron energy, the cross section for the gadolinium decreases, resulting in the contrast ratio decreasing to the point where the grating is no longer visible (red marker limit on graph). The centroided image has a higher contrast ratio when compared to the non-centroided image over the entire energy spectrum.
The trend of the decrease in contrast resolution with increasing energy correlates directly with the neutron cross section of gadolinium, suggesting that the contrast resolution is dependent on the sample material only. To illustrate this point, the boron neutron cross section, representing the detector efficiency, is also overlaid in Figure 9 . The boron that is inherent in the MCP does not correlate between the contrast resolution of the sample and the boron cross section. 8 of 13 gadolinium decreases, resulting in the contrast ratio decreasing to the point where the grating is no longer visible (red marker limit on graph). The centroided image has a higher contrast ratio when compared to the non-centroided image over the entire energy spectrum. The trend of the decrease in contrast resolution with increasing energy correlates directly with the neutron cross section of gadolinium, suggesting that the contrast resolution is dependent on the sample material only. To illustrate this point, the boron neutron cross section, representing the detector efficiency, is also overlaid in Figure 9 . The boron that is inherent in the MCP does not correlate between the contrast resolution of the sample and the boron cross section. Figure 9 . The contrast resolution for finer energy bins ranging from 6 meV to 100 meV. The grating is no longer visible at a contrast of 4% (dashed red). The Gd (solid black) neutron cross sections are compared to the trend of the contrast resolution
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The highest possible spatial resolution of the system, assuming perfect counting statistics, can be found by taking the modulation transfer function (MTF) at 10% of a slant edge function. The American Section of the International Association for Testing Materials (ASTM) standard E545 provides information on characterizing neutron beam and image quality by imaging a lead disk, boron nitride disk, and a cadmium wire setup [39] . The design of the imaging standard is reproduced in Figure 10 . The highest possible spatial resolution of the system, assuming perfect counting statistics, can be found by taking the modulation transfer function (MTF) at 10% of a slant edge function. The American Section of the International Association for Testing Materials (ASTM) standard E545 provides information on characterizing neutron beam and image quality by imaging a lead disk, boron nitride disk, and a cadmium wire setup [39] . The design of the imaging standard is reproduced in Figure 10 .
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The trend of the decrease in contrast resolution with increasing energy correlates directly with the neutron cross section of gadolinium, suggesting that the contrast resolution is dependent on the sample material only. To illustrate this point, the boron neutron cross section, representing the detector efficiency, is also overlaid in Figure 9 . The boron that is inherent in the MCP does not correlate between the contrast resolution of the sample and the boron cross section. The highest possible spatial resolution of the system, assuming perfect counting statistics, can be found by taking the modulation transfer function (MTF) at 10% of a slant edge function. The American Section of the International Association for Testing Materials (ASTM) standard E545 provides information on characterizing neutron beam and image quality by imaging a lead disk, boron nitride disk, and a cadmium wire setup [39] . The design of the imaging standard is reproduced in Figure 10 . The MTF of an imaging system is defined by the absolute value of its optical transfer function and is limited at the high end by the Nyquist frequency [41] . The limiting spatial resolution is considered to be when the MTF crosses 10% since a single sinusoidal wave needs two adjacent pixels to display a full cycle. The Nyquist frequency is then always 0.5 cycles per pixel (or twice the size of one pixel). To obtain the MTF, the cadmium wire provides an edge to produce an edge spread function. The edge spread function is differentiated to obtain the line spread function. The MTF is calculated by taking the Fourier transform of the line spread function. The standard non-centroided and energy resolved centroided radiographs of the ASTM standard object are shown in Figure 11 . The processed radiographs confirm a resolution in agreement with the determination with the PSI grating. The MTF at 10% shows that the resolution of the radiographs could be further increased with better counting statistics. The MTF of an imaging system is defined by the absolute value of its optical transfer function and is limited at the high end by the Nyquist frequency [41] . The limiting spatial resolution is considered to be when the MTF crosses 10% since a single sinusoidal wave needs two adjacent pixels to display a full cycle. The Nyquist frequency is then always 0.5 cycles per pixel (or twice the size of one pixel). To obtain the MTF, the cadmium wire provides an edge to produce an edge spread function. The edge spread function is differentiated to obtain the line spread function. The MTF is calculated by taking the Fourier transform of the line spread function. The standard non-centroided and energy resolved centroided radiographs of the ASTM standard object are shown in Figure 11 . The processed radiographs confirm a resolution in agreement with the determination with the PSI grating. The MTF at 10% shows that the resolution of the radiographs could be further increased with better counting statistics. Figure 11 . Non-centroided image with original 55 μm pixel size imaging ASTM beam purity standard with entire spectrum of neutrons, resulting in ~80 μm resolution (a,b). Centroided image with 11 μm effective pixel size for entire energy range of neutrons summed together (c). Centroided image with 11 μm effective pixel size and with ~40 μm spatial resolution for each cold (d), thermal (e), and epithermal (f) neutrons. The cadmium wire at the epi-thermal energy is almost completely transparent, signifying a decrease in neutron cross section in the higher energy regime.
The MTF is plotted vs spatial frequency for the ASTM standard radiographs (Figure 12 ). To obtain resolution in μm, cycles/pixel must be converted to line pairs/mm first by using the pixel pitch size. The resolution can now be determined by converting line pairs/mm to μm at 10% on the MTF curve. The non-centroided radiograph results in the highest possible resolution of 70 μm, consistent with the results of the PSI grating where the 80 μm width pairs are barely resolved. The cold neutron energy centroided region results in a resolution of 29 μm and the thermal region results in 22 μm. Using the measured data and sub-pixel size of 11 μm ,this cannot be any higher at this point due to the Nyquist frequency being the size of two pixels, or 22 μm. Epithermal resolution was not calculated due to low statistics and more importantly the lack of attenuation from the gadolinium precluding a reliable calculation of the edge spread function. An element with a higher cross section in the epithermal energy region to provide an edge is needed to quantify spatial resolution in the epithermal energy range.
The original non-centroided radiograph does not conform to the traditional Nyquist frequency rule-of-thumb (twice the pixel size of 55 μm) due to charge overlap between pixels and can give a Figure 11 . Non-centroided image with original 55 µm pixel size imaging ASTM beam purity standard with entire spectrum of neutrons, resulting in~80 µm resolution (a,b). Centroided image with 11 µm effective pixel size for entire energy range of neutrons summed together (c). Centroided image with 11 µm effective pixel size and with~40 µm spatial resolution for each cold (d), thermal (e), and epithermal (f) neutrons. The cadmium wire at the epi-thermal energy is almost completely transparent, signifying a decrease in neutron cross section in the higher energy regime.
The MTF is plotted vs spatial frequency for the ASTM standard radiographs (Figure 12) . To obtain resolution in µm, cycles/pixel must be converted to line pairs/mm first by using the pixel pitch size. The resolution can now be determined by converting line pairs/mm to µm at 10% on the MTF curve. The non-centroided radiograph results in the highest possible resolution of 70 µm, consistent with the results of the PSI grating where the 80 µm width pairs are barely resolved. The cold neutron energy centroided region results in a resolution of 29 µm and the thermal region results in 22 µm. Using the measured data and sub-pixel size of 11 µm ,this cannot be any higher at this point due to the Nyquist frequency being the size of two pixels, or 22 µm. Epithermal resolution was not calculated due to low statistics and more importantly the lack of attenuation from the gadolinium precluding a reliable calculation of the edge spread function. An element with a higher cross section in the epithermal energy region to provide an edge is needed to quantify spatial resolution in the epithermal energy range.
The original non-centroided radiograph does not conform to the traditional Nyquist frequency rule-of-thumb (twice the pixel size of 55 µm) due to charge overlap between pixels and can give a resolution below the Nyquist frequency which was determined with the PSI grating to be 80 µm. Since the non-energy resolved radiograph is just the cold, thermal, and epithermal summed together, the resolution for the MTF is degraded by the addition of the epithermal regime. The MTF provides a more exact resolution at which the image can be resolved when compared to the PSI grating. The PSI grating only has very coarse step wedges and there is not an adequate edge for measuring the edge spread function. For the ASTM standard, the thermal range has a better resolution than the cold range due to the penetration of the neutrons through the material which is not seen with the PSI grating. The Gd in the grating effectively blocks all neutrons within the thermal and cold region, whereas, with the standard introduces a scattering medium of polytetrafluoroethylene. resolution below the Nyquist frequency which was determined with the PSI grating to be 80 μm.
Since the non-energy resolved radiograph is just the cold, thermal, and epithermal summed together, the resolution for the MTF is degraded by the addition of the epithermal regime. The MTF provides a more exact resolution at which the image can be resolved when compared to the PSI grating. The PSI grating only has very coarse step wedges and there is not an adequate edge for measuring the edge spread function. For the ASTM standard, the thermal range has a better resolution than the cold range due to the penetration of the neutrons through the material which is not seen with the PSI grating. The Gd in the grating effectively blocks all neutrons within the thermal and cold region, whereas, with the standard introduces a scattering medium of polytetrafluoroethylene. 
Discussion
Imaging with higher number of subpixels will allow the Nyquist frequency limit to go down and provide higher resolution images. Applying centroiding improves overall resolution, but is limited by the incident neutron flux and in the case of MCP detectors, by the channel size. One solution would be to increase the number of iterations for each image, but the centroiding pattern effect, visible in the inset of Figure 5a , would only get worse with more subpixels. With proper software and hardware implementation, event centroiding can be conducted in parallel with the data acquisition, i.e., resolution improvements occur without increases in beam time. Spatial resolution was improved by a factor of ~4 using event centroiding compared to the non-centroided results, implying a similar resolution improvement for tomography. For the ASTM standard, the spatial resolution was better for the thermal neutrons versus the cold neutrons, while the test object did not provide enough contrast for the epithermal neutrons. With the current characterization samples, based on gadolinium contrast, we were able to quantify the contrast resolution as a function of energy. The contrast resolution increased by 7% with the centroiding process. The energy dependence scaled with the gadolinium cross section allowing to conclude that the contrast resolution mostly depends on the sample material and not on incident flux or detector properties. In the near future, the method will be applied to nuclear fuel pellets to attempt the demonstration of the improved spatial resolution for isotope quantification. This will also allow us to assess the spatial and contrast resolution for a larger energy range. 
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